The time course of cardiocirculatory responses to different levels of isometric handgrip (IHG) in sitting position were studied noninvasively in normal males and compared to supine IHG results in the same subjects. Control Comparisons. Resting postural differences were as expected: sitting heart rates (HR), preejection phase (PEP) and PEP/LVET were higher while left ventricular ejection time (LVET) and ejection time index (ETI) were lower than those supine (P < 0.05 to P < 0.001). The following trends, while not statistically significant, were also noted: systolic and diastolic blood pressure were lower while pressure-rate product (PRP), the interval from appearance of the Q wave to the first major "mitral" component of the first heart sound (Q-IM), and isovolumic contraction time (IVCT) The changes in systolic intervals are consistent with the increased contractility resulting from IHG. Lack of uniform decreases in PEP/LVET with higher levels of IHG, however, were believed to reflect decreased myocardial adaptability to higher pressure (vs volume) loads. Decreases in pulse transmission time appeared to be influenced by diastolic pressure increases which were directly related to the levels of IHG.
QUARRY, SPODICK
Since isometric contractions occur in many daily activities it seemed desirable to further assess cardiac responses to isometric exercise in the more natural upright posture. Using established noninvasive techniques, this investigation was undertaken 1) to study the time course of changes in the phases of cardiac systole, as affected by graded isometric exercise in the sitting position and 2) to compare the sitting results with results during comparable isometric exercise performed in the supine position.
Methods
The subjects were ten healthy male volunteers, ages 23 to 31; all were normally active but none was a trained athlete and none was taking medication. Each subject had a normal 12 lead electrocardiogram, chest X-ray, medical history and physical examination. Subjects entered the laboratory at 8:30 A.M. in the postabsorptive state. After a 30 min rest period, the following procedures were carried out.
Sitting Isometric Handgrip Exercise
Subjects, seated in a comfortable position, selected the hand for the isometric exercise. The preferred arm was outstretched with the hand pronated on a table high enough to support both the upper and lower arm without elbow flexion. A rolled pressure cuff attached to a sphygmomanometer was used for the isometric handgrip (IHG).3' 8 An initial cuff pressure of 20 mm Hg provided a resistance against which the subject could contract and allowed for a reading to quantitate the isometric exertion. Maximum voluntary contraction (MVC) was determined on the basis of three trials. Subject maintained 15% and 30% MVC for four minutes and 50% and 100% MVC for as long as possible. To avoid Valsalva maneuvers, subjects were instructed to continue breathing throughout the exercise. Fifteen minute rest periods followed each grade of exercise.
A modified electrocardiogram (ECG) for monitoring exercise was recorded as previously described.9 A Hewlett Packard model A/B contact microphone secured by a rubber belt was used to record the phonocardiogram (PCG). Nominal filter frequency was 50 Hz. Carotid pulses were recorded via a Sanborn piezoelectric crystal and funnel held by an investigator over the right carotid artery. The length of the tubing was 43 cm. The frequency response of this system is essentially flat (± 1 db) from 0.05 to 20.0 Hz.
Filter cut-offs were 0.15 and 20.0 Hz.
Brachial blood pressures were recorded electronically from the unexercised arm by the sphygmoacoustic method: A Sanborn 48A-10 Leatham Microphone was secured over the antecubital fossa to record brachial artery Korotkov sounds (nominal filter frequency 200 Hz). The arm pressure cuff was connected to a Sanborn pressure transducer No. 267BC. The graphic blood pressure record was used to reduce observer bias which might occur with repeated auscultatory readings.
All tracings were simultaneously recorded at 75 mm/sec on an eight channel Hewlett-Packard optical recorder No. 568-1OOA. The ECG, PCG, and carotid pulse were recorded during control and every 30 sec of IHG. Blood pressure was recorded during the control period and again at 0.5, 1,2,3 and 4 min of IHG.
Heart rate (HR), Q-IM, isovolumic contraction time (IVCT),9 pre-ejection period (PEP), left ventricular ejection time (LVET), ejection time index (LVET + 1.2 HR), and pulse transmission time (PTT) were calculated as previously reported.'0 The pressure channel was calibrated so that a one millimeter rise in the pressure trace above the baseline represented 2 mm Hg. Systolic pressure was measured at the first Korotkov sound as the distance in mm X 2 between the baseline and pressure trace. The distance between baseline and pressure trace in mm X 2 at the last recorded Korotkov sound represented diastolic pressure. Pressure-rate product (PRP) was calculated as HR X systolic blood pressure.
Supine Isometric Handgrip Exercise
The protocol for supine IHG was identical to that for sitting IHG except that the subject assumed a supine position.
Statistical Analysis
Analysis of variance was used to determine what differences there might be in any of the cardiocirculatory paramaters measured among control, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 min IHG of exercise at 15% and 30% MVC and in both sitting and supine postures. When significant F values were found (P < 0.01), the Duncan's New Multiple Range Test" (DNMRT) was applied to locate the differences.
The t-test for paired comparisons, a more sensitive test for significance when dealing with the same subjects under different conditions,'2 was also done since points from control throughout four minutes of IHG at 15% and 30% MVC were repeated measures on the same subjects. Here the exercise data (from 0.5 to 4 min of exercise) were pooled for each subject and compared to the respective control value. The t-test for paired comparisons demonstrated a significant statistical difference in supine HR at 15% MVC which had not been indicated by the analysis of variance test. Aside from this single discrepancy, the t-test for paired comparisons did not indicate any statistical difference in any cardiocirculatory parameter measured at 15% and 30% in either sitting or supine positions which was not also indicated by the analysis of variance. Since there was virtually no difference between the results of these two tests, results for 15% and 30% MVC will subsequently be discussed on the basis of the analysis of variance and DNMRT.
Since some subjects were unable to maintain more than 1 min of IHG at 50% MVC, data through this period were analyzed only by the t-test for paired comparisons (to compare control vs 30 sec, control vs 1 min, and 30 sec vs 1 min). Data points for 100% MVC included control values and those obtained prior to release (at approximately 30 sec for most subjects), and the t-test for paired comparisons was again used. It should be emphasized then that results, statistical analyses, and subsequent discussion are based on 4 min of IHG at 15% MVC, 4 min of IHG at 30% MVC, 1 min of IHG at 50% MVC, and approximately 30 sec IHG at 100% MVC. These also represent the time courses plotted in figures 1 through 10.
The four control values and the four end points (last values recorded prior to release) in both supine and sitting postures at 15%, 30%, 50%, and 100% were each analyzed by analysis of variance. When significant F values (P < 0.01) were found the DNMRT was used to locate the differences.
The t-test for paired comparisons was also applied to com- tWith t-test for paired comparison the difference in this measure was significant.
The asterisks which appear under the heading P indicate the significance level of differences among all the means listed in the row (i.e., from control throughout the entire course of exercise).
No asterisk P > 0.05 * P <0.05 ** P < 0.01 P < 0.001
Asterisks for 15% and 30% MVC, both sitting and supine, are based on analysis of variance. Asterisks for 50% and 100%, both sitting and supine, are based on the t-test for paired comparisons.
and fourth minutes ( fig. 3 ). PRP increased steadily trol < 30 seconds < one minute P < 0.001). The over the entire exercise period at 50% MVC (conlargest increment, more than double that during 50% Circutlation, Volunme XLIX, May 1974 Figure 4 Time course of Q-IM during IHG. Symbols and abbreviations same as figure 1. no differences were indicated among the last periods of exertion at 15% (4 min), 30% (4 min) and 50% (I min) MVC but all differed significantly (P < 0.01) from 100% MVC (30 sec). ETI at 30% MVC increased gradually from control through 4 min of IHG (P < 0.01) ( fig. 8) . ETI increased most during 50% MVC, and rose such that control, 30 see and 1 min results all differed from one another (P < 0.01). The mean increase in ETI from control to the end of 100% MVC was insignificant. Unlike the ETIs at 50% MVC which increased in all but one case, individual subjects' data at 100% MVC showed scattered results-: ETI increased in five and decreased in five. When values for all four sitting control periods were compared, analysis of variance indicated no statistical difference in ETI. Analysis of variance of the end points of IHG also indicated no significant difference (P > 0.05) am.ong all four grades of exertion. Figure 8A , however, suggested end point differences between 15% vs 30% and 50%76 MVC. Because of the large standard error at 100% MVC, it seemed reasonable to assume-that this might be a diluting factoi in the analygis oivanairce, m reveaInF statistical differences among the other percents of MVC. End point ETIs for 15, 30, and 50% MVC were therefore compared separately (eliminating 100%9 MVC) by analysis of variance and here 15% MVC was less than 30-% and 50% MVC (P < 0.01). 
PEPILVET
When values for PEP/LVET from control through four minutes of exercise were compared at 30% MVC ( fig. 9 ), the analysis of variance revealed no change in the ratio for the entire period at this percent of exertion (P > 0.05). A decrease (P < 0.05) in PEP/LVET occurred at 50% MVC during the first 30 sec followed by an increase at one minute IHG. The value of PEP/LVET at 1 min was between those of control and 30 sec IHG but differed from neither (P > 0. HRs during control periods were consistently higher sitting than supine (table 2, P < 0.05 to P < 0.02) ( fig. 1) . The t-test for paired comparisons when applied to the end points of exercise, indicated that the sitting IHG HRs remained higher than those during supine IHG at 15% MVC (P < 0.05) and 30% and 50% MVC (P < 0.02). No difference in HR was demonstrated between postures at the end of 100% MVC (P > 0.2).
Although HR was usually higher sitting than supine, both direction and magnitude of increase over control were similar in all grades of IHG. C (table 1) . No change was demonstrated throughout 15% MVC sitting whereas PRP increased (P < 0.01) during 15% supine. At the higher grades of IHG, increases in PRP of comparable significance occurred when sitting and supine exercise were compared: PRP at 30% MVC increased in both postures with P < 0.01; the increase in PRP at 50% was significant with P < 0.005 sitting and P < 0.001 supine; P was < 0.001 both sitting and supine at 100% MVC.
Q-IM
While control values for Q-IM were consistently higher sitting as compared to supine, there were no statistical differences: P > 0.1 for 15, 30, and 50% controls and P was less than 0.05 only for 100% controls ( fig. 4, In the over-all response of Q-IM to IHG from control throughout each level of exercise there were a few small postural differences. For example, no change in Q-IM was demonstrated during 15% MVC sitting (P > 0.05) but a borderline significant decrease (P < 0.05) occurred during 15% supine IHG. The other notable difference between responses sitting vs supine occurred during 50% MVC wherein Q-IM progressively decreased throughout 1 min of sitting exercise but fluctuated during supine IHG by decreasing in the first 30 sec, then increasing in the second 30 sec. Changes in Q-IM during both 30% and 100% MVC were similar in the two postures (table 1) .
Isovolumic Contraction Time
Absolute differences between sitting and supine values for IVCT followed the same pattern as for Q-IM, i.e., control and end point comparisons indicated that IVCT was consistently higher sitting ( fig.  5 ), but this difference only reached significance in the comparison of control values prior to 100% MVC (table 2) . IVCT throughout the course of exercise (table 1) was similar at 15% MVC (no significant change in either posture) and 100% MVC (marked decrease both sitting and supine). During 30% and 50% MVC, however, IVCT differed between the two postures. During 30% MVC no significant change was observed in sitting position as compared to a gradual increase (P < 0.01) in supine position. At 50% MVC, a gradual but insignificant lengthening of IVCT occurred in supine position (P > 0.5) versus an initial drop (P < 0.02) within the first 30 sec of sitting IHG, followed by an increase which brought the IVCT back within the statistical range of the control value.
Pre-Ejection Phase
The t-test for paired comparisons demonstrated large postural difference in PEP ( fig. 6 ). All sitting values were statistically higher than the respective points in supine position (range: P < 0.05 to P < 0.001). When end points of exercise were compared, sitting values at 15% MVC were statistically higher than those supine (P < 0.02). Increases in the levels of exertion, however, reduced these differences such that no statistical difference could be demonstrated between the two postures during end phases of exercise at 30, 50, and 100% MVC.
PEP did not change significantly during 15 and 30% MVC in either posture but changed significantly in both at 100% MVC (table 1) (fig. 7) . Table 2 further indicates that, unlike PEP, the large postural differences in LVET were not negated as a result of IHG.
Regardless of the severity of the stress, LVET in sitting position consistently remained well below the ejection times in supine position.
The pattern and degree of change in LVET from control to the end of exercise ( fig. 7 ; table 1) were similar in both postures. There were no changes during 15% MVC but statistically significant decreases during 50 and 100% MVC. Statistical analysis showed some differences in the behavior of LVET during 30% MVC in sitting vs supine position. DNMRT indicated that all supine exercise values for LVET during 30% MVC were alike but that they were significantly lower than control. Figure 7 shows that all sitting exercise ejection times at 30% MVC were also below control, yet this decrease did not reach statistical significance.
Ejection Time Index
The ETIs for all control and end points of exercise in sitting position were significantly lower than the corresponding supine values ( fig. 8, table 2 ). Significant increases (P < 0.01) from control throughout IHG at 30 and 50% MVC were observed sitting but not supine. No changes occurred in ETI at 15 and 100% MVC in either posture. PEPILVET PEP/LVET was consistently higher in sitting position during rest and isometric exercise than comparable values in supine position ( fig. 9) . Analysis of the changes from control throughout each level of exercise indicated no significant change in the ratio during 15% and during 100% MVC in either posture. However at 30% and 50% MVC statistical results of PEP/LVET differed for the two postures as follows: PEP/LVET fluctuated throughout 30% MVC sitting, and never achieved a statistically significant change from control. A more uniform increase in the ratio from control throughout exercise occurred at 30% MVC supine (P < 0.01). The patterns of change were also different at 50% MVC. During 50% MVC sitting, PEP/LVET initially decreased at 30 sec (P < 0.05), then increased at one minute to a value between control and 30 see IHG, but in supine position the ratio steadily increased (P < 0.05).
Pulse Transmission Tine
The absolute values of PTT during control periods and at the end of each level of exercise were the same in sitting and supine positions ( fig. 10, table 2) . Furthermore, the over-all pattern and degree of change in PTT throughout each level of handgrip were closely similar between postures (table 1): no significant change during 15% MVC but significant decreases inversely related to the magnitude of exertion, at 30, 50, and 100% MVC.
Discussion
The four control values for all eleven variables showed no difference in either posture at the 0.01 level. This implies reliability of baseline values obtained by the noninvasive methods employed and confirms the complete recovery from IHG within the 15 min interim rest periods allotted.
Supine Isometric Handgrip
Our results at the fourth minute of supine exercise during 30% MVC are virtually identical to the noninvasive results of Frank and Haberern,3 which were also obtained during the fourth minute of IHG at 30%
MVC. Both studies demonstrated increases in HR, systolic and diastolic blood pressure, PEP, IVCT, and PEP/LVET; decreases in LVET; and no significant change in ETI. Our supine results at 50% were also similar to the 50% MVC supine results of Lindquist et al. 4 and the 100% MVC supine results of Siegel et al. 13 At these levels of exertion, both studies showed increases in HR, systolic and diastolic pressure; decreases in LVET (though our results for LVET at 100% were significant while those of Siegel were not); small decreases in PEP (P > 0.01 in our study and Siegel's12); and Q-IM (at 1.5 minutes in Lindquist's study and at 1 min in ours); and insignificant changes in IVCT and ETI. Supine IHG has been widely studied. Since our data are in agreement with other authors' results these findings will not be further discussed at this time but will later be compared with sitting IHG.
Sitting Isometric Handgrip
Heart rate, blood pressure, and PRP have been reported elsewhere for sitting IHG. The other variables studied by us have not. Our data for heart rate and blood pressure are consistent with those Perhaps the more important factor here then is that the myocardium is better able to adjust to increases in volume load (eg., in rhythmic exercise) as compared to increases in pressure load (e.g. in isometric exercise).
Pulse Transmission Time
The PTT varied inversely with HR and blood pressure and directly with LVET during IHG. During rhythmic exercise, despite evidence of improved contractility and ejection rate, large increases in HR and decreases in LVET, PTT did not change from control values. 9 The primary difference appears then to be the diastolic pressure increases that occurred with IHG.
Sitting vs Supine IHG Reported postural effects on HR33 were supported by our control data: HR was clearly higher while LVET was lower in sitting versus supine position. There was statistical similarity between supine and sitting control values for blood pressure, PRP, Q-IM, IVCT, and PTT. Furthermore, there were no statistically significant differences in these parameters when supine and sitting values were compared at the end points of IHG.
Circuoation. Volume XLIX, May 1974 The time course of IHG effects during 15 and 30% MVC showed changes in systolic blood pressure, PRP, and Q-IM at 15% MVC, and in IVCT at 30% MVC, which reached significance throughout the course of supine IHG but not during sitting IHG. It should be noted that standard errors for control and IHG were smaller supine, indicating greater homogeneity of cardiocirculatory response in this posture. This probably accounts for these few statistical differences.
The question of changes in SV during sitting IHG has been mentioned. It is apparent that during sitting IHG there were initial decreases in IVCT, PEP, and PEP/LVET at 15%, 30%, and 50% MVC that either did not occur in supine position or were more pronounced with sitting IHG. Furthermore, while HR increases (above control) were higher during sitting IHG at 15%, 30%, and 50% MVC, the decreases in LVET did not reach statistical significance until 50% MVC in sitting position as compared to the significant abbreviation in LVET by 30% MVC in supine position. Finally, the ETI showed significant increases during 30 and 50% MVC sitting and an insignificant increase at 100% MVC sitting versus no statistical increase at any level IHG in supine position. All these differences between the two postures in IVCT, PEP, PEP/LVET, LVET, and ETI are consistent with an increase in SV during sitting IHG and could account at least in part for the observed postural differences in these systolic intervals. Decreases in IVCT, PEP, and PEP/LVET, as previously indicated, reflect increased contractility which probably results in part from increased sympathetic activity and increased HR via reduced parasympathetic tone. Postural effects on cardiocirculatory parameters include increased sympathetic activity when subjects change from supine to sitting position. If subjects already show an increased sympathetic level when they begin sitting IHG (as compared to supine IHG), this might also explain the greater and more rapid inotropic responsiveness with upright exercise.
The over-all results do indicate similarities between sitting and supine IHG. Once resting postural effects are taken into account, the additional postural effects on IHG are not enormous and certainly do not present the discrepancy which exists when comparing sitting and supine rhythmic exercise.7 Suggestive evidence among normal subjects of increased SV during sitting IHG perhaps make it a more preferable posture for measuring cardiac function (since it offers this additional variable with possibilities of differences in response), especially if IHG is to be used as a diagnostic tool. Hemodynamic investigations in sitting subjects would be desirable to determine whether there are important differences between normals and heart disease patients in response to IHG in parameters such as stroke volume, contractility, and ejection rate, which are reflected by noninvasive techniques.
It is clear that the effect at 15 and 30% MVC, even after 4 min of IHG, are not as great as at 50% and 100% of relatively brief duration (table 1) . Thus it is suggested that the higher levels of exertion be used when employing isometric exercise as a stress test.
